Iron disilicide in a bulk form is practically nonmagnetic. In contrast, nanoparticles of FeSi 2 exhibit superparamagnetism with blocking temperatures ranging from 8 K ͑15 nm͒ to 34 K ͑55 nm͒. Their relatively low saturation magnetization suggests that the magnetic behavior is associated with only a small fraction of Fe ions, which have a sufficient number of other Fe as nearest neighbors. The chemical disorder is presumably induced in the formation of nanoparticles. A spin glass-type anomaly below 10 K observed in specific heat data gives a further evidence for the compositional heterogeneity.
For bulk Fe x Si 1−x , Fe carries a magnetic moment and undergoes a ferromagnetic transition above 500°C only if x տ 0.5. 1 The equiatomic compound FeSi ͑x = 0.5͒ exhibits a peculiar activation-type increase of magnetic susceptibility at low temperatures followed by the Curie-Weiss-like dependence above 500 K. 2 The anomalous behavior attracted many theoretical considerations, including the one based on the itinerant electron picture by taking into account the effects of exchange enhanced spin fluctuations.
3 At a much lower Fe content with x = 0.33, iron disilicide FeSi 2 is practically nonmagnetic.
1 FeSi 2 transforms from a metallic hightemperature ␣-phase to a room-temperature semiconducting ␤-phase at about 937°C. The narrow-gap semiconductor ␤-FeSi 2 has been well recognized for potential applications in a broad range of technology from thermoelectrical devices and solar cells 4 to optoelectronic. 5 Considering the fast advancement of microelectronics, it becomes more important for us to understand the physical properties pertaining to nanomaterials. Of particular interest to this work on ␤-FeSi 2 is the realization that the synthesis process of nanoparticles can often induce large chemical disorder in lattice, which may then lead to significantly different magnetic behaviors from that of the bulk. The recent discovery in ZnFe 2 O 4 of transformation from antiferromagnetism in bulk to ferrimagnetism in nanoparticles is a good example. 6 Such a magnetic behavior created by chemical disorder in nanoparticles could enhance the potential applications of semiconducting FeSi 2 in magnetoelectronics and nanodevices.
Bulk FeSi 2 was prepared by arc melting through mixed constituent elements, Fe ͑99.97%͒ and Si ͑99.999%͒ in 1:2 atomic ratio, followed by annealing at 850°C for 72 h to form a single phase of ␤-FeSi 2 . The expected orthorhombic structure of the ␤-phase, having a primitive cell of 48 atoms containing two sets of 8 Fe each, was confirmed by x-ray diffraction ͑XRD͒ patterns in Fig. 1 Nanoparticles were fabricated by ArF excimer laser ablation of the bulk as target. Samples of size d = 15, 22, 36, 40, and 55 nm, respectively, were collected on a liquid nitrogencooled copper plate. The particle size was basically controlled by processing parameters including the helium gas pressure ͑0.5-0.6 torr͒, the laser power ͑1.25-5.0 W͒. In general, lower gas pressure and power level generally yielded smaller particles. XRD patterns in Fig. 1 indicate that the orthorhombic structure remains the same as that of bulk compound, consistent with EDS data showing close to 1:2 ratio between Fe and Si, except the line broadening and a slight amount of Cu from cold trap in the smaller particles. Since Cu is nonmagnetic, its contribution in magnetic measurements is extremely small. Each particle size was actually determined by fitting the full width at half maximum ͑FWHM͒ of the ͑422͒ peak to a theoretical simulation 8 in Fig. 2 . Transmission electron microscopy ͑TEM͒ was employed to directly observe particle morphology and crystalline structure. The shapes of particles are nearly spherical in Fig. 2 with that obtained from XRD. The estimated standard deviation of particle size distribution is about ±10% of the mean value. Magnetic measurements were carried out using a Quantum Design superconducting quantum interference device ͑SQUID͒. Specific heat measurements for temperature below 30 K were carried out using a thermal-relaxation microcalorimeter. 9 In comparison with that of bulk FeSi 2 , the magnetic susceptibilities of nanoparticles are greatly enhanced at ambient temperatures and below. Irreversible phenomena between field-cooling and zero-field-cooling ͑ZFC͒ curves in Fig. 3 reveal a characteristic superparamagnetism. The blocking temperature T B is determined from the peak of each ZFC curve and plotted in Fig. 4 . In terms of magnetization versus H / T, Fig. 4͑a͒ shows an expected magnetic hysteresis at a temperature below but not above T B . The high-field magnetization data up to 5 T at 5 K in the inset of Fig. 4 10 it is understandably much easier to be induced in the formation of nanoparticles. A similar effect in nanoparticle ZnFe 2 O 4 showing a ferrimagnetic behavior is caused by partial site exchange between Zn and Fe in a cubic spinel structure. Zinc ferrite in a bulk form is antiferromagnetic below 10 K. 6 If K is the anisotropic constant and V is the volume of nanoparticle, then the anisotropic energy KV represents an energy barrier to the total spin reorientation for the particle. In a standard analysis for superparamagnetism, 11 the time constant for spin reorientation is expressed as
where 0 is of the order of 10 -9 s. However, this is meaningful only for chemically homogeneous superparamagnets. Each nanoparticle has presumably a single magnetic domain and KV represents an effective anisotropy energy barrier to the total spin reorientation for the particle. For multicluster particles, the factor V should not be the whole particle but rather the individual cluster volume. Since the actual cluster size is unknown, one can simply replace KV in Eq. ͑1͒ by an effective anisotropic energy barrier eff . Letting the value of equal to 100 s corresponding approximately to the SQUID measuring time, eff is obtained as
It ranges from 0.018 eV ͑15 nm͒ to 0.075 eV͑55 nm͒. For intercomparison with other systems, it would still be worthwhile to come up with an "apparent" value of anisotropic constant K app based on the whole particle volume V such that K app = eff / V. This parameter in Fig. 4 increases dramatically with decreasing particle size, in consistent with the report on nanostructured CuFe 2 O 4 , for which spin-disordered structure at the interface could be the origin of the observation. 12 Further along the same line, it is reasonable to anticipate that some very small clusters may not participate in the blocking temperature phenomenon, but exhibit a secondary effect at temperatures below. Indeed, a small magnetic susceptibility step appears for the 22 and 40 nm samples at approximately 5 K. Corroborative evidence comes from our calorimetric measurements in Fig. 5 . A contribution to specific heat in addition to the lattice term has its peak shifted to higher temperatures with an applied magnetic field of 2 T or above. Coupled with the Fe-rich clusters mentioned above, this anomalous effect is believed to be an indication of a spin glass-type transition associated with smaller magnetic cluster. 13 In conclusion, in contrast to the bulk form, nanoparticles ͑15-55 nm͒ of FeSi 2 contain small fractions of Fe-rich clusters. They lead to superparamagnetism, with the blocking temperature decreasing and the apparent anisotropy constant or effective anisopropy energy increasing with decreasing particle size. A secondary effect of spin glass-type anomaly occurs near 10 K.
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